Abstract Shrimp is an important traded fishery commodity. When subjected to stress, shrimp usually suffers from oxidative stress, which leads to cell injury, senescence, and death. To maintain shrimp good health, performance and production, antioxidant and immune systems are important. Natural antioxidants found in microalgae may be used to increase the cell protection against oxidative damage, being a promising alternative to the carcinogenic synthetic antioxidants. In this study, Tetraselmis chuii was evaluated for its effect on survival, growth and oxidative stress biomarkers on Litopenaeus vannamei postlarvae (PL). The antioxidant properties of the formulated feed with T. chuii inclusion were determined using four antioxidant chemical assays. Meanwhile, the oxidative stress biomarkers on PL were analyzed by hydrogen peroxide, membrane stability and lipid peroxidation assays. Results showed that PL reared on diets supplemented with 50% T. chuii had a significantly higher (P B 0.05) survival (97.6 ± 1.4%) and lower oxidative stress in terms of hydrogen peroxide content (10.08 ± 0.4 mM g -1 FW) and electrolyte leakage (10.8 ± 0.3%). The result of this study also showed that shrimp PL reared on diets supplemented with microalgal, T. chuii have high resistance to reverse salinity stress test (76.7-100%). However, no significant differences (P C 0.05) were found in the growth and lipid peroxidation. Due to the positive effect on oxidative stress status, survival and resistance to salinity stress, the feeding of L. vannamei PL with diet containing at least 50% of T. chuii is recommended as a natural source of antioxidant for PL.
Introduction
Litopenaeus vannamei (white-leg shrimp) is the most widely cultivated penaeid shrimp in many parts of the world, especially in the Southeast Asian region. However, shrimp aquaculture production is challenged by pathogenic infection, low survival, weak larvae, and environmental problems, which results in significant loss of production (Lightner 2011) . In aquatic organisms, changes in the environmental condition, such as salinity, oxygen levels, and temperature, can enhance the generation of reactive oxygen species (ROS), causing oxidative damages in tissues (Lushchak 2011) . Thus, physiological conditions such as antioxidant system are critical for shrimp health maintenance and healthy growth performance, especially under environmental stress (Castex et al. 2010) . Failure in detoxifying the excess ROS production using their natural antioxidant defenses may lead to significant oxidative damages. Some of these include the inactivation of enzymes, degradation of the protein, DNA damages and lipid peroxidation (Di Giulio et al. 1995) . These damages may lead to a disease outbreak and huge economic losses (Bachère 2000) .
Commercial antioxidant supplements such as butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) have been incorporated into the feed to reduce the oxidative damage in aquatic animals. However, the utilization of both synthetic antioxidant has already been restricted due to their carcinogenic and toxic nature in animal models (Liu et al. 2007 ). This leads to the search for natural sources of antioxidant compounds instead of relying on the dangerous synthetic ones. In recent years, besides their important roles and application in aquaculture hatcheries, microalgae have also attracted increasing attention as animal feed supplement since they are a rich source of natural antioxidants, pigments, and other bioactive compounds. Microalgae of different genera and species have been found to exhibit significant antioxidant activity in vitro (Geetha et al. 2010; Rao et al. 2006) and, thus, they are considered as potential natural sources of antioxidants in vivo. In addition, most microalgal extracts showed a much higher inhibition of liver microsomal lipid peroxidation compared to BHT which is one of the most powerful synthetic antioxidant agents (AbouL-Enein et al. 2003) .
Marine microalgal, Tetraselmis sp. are flagellated chlorophytes with rapid growth rate, and can stand a broad range of temperatures and pH values (Khatoon et al. 2014) . Tetraselmis sp. is a widely used species in aquaculture as it contains adequate amounts of protein, lipid, carbohydrate and fatty acids which are essential for the cultured organisms. This species also serves as a rich source of a variety of bioactive compounds, such as vitamin E, carotenoids, phenolic compounds, and terpenes, which have antioxidant, anticancer and antimicrobial properties (Jahnke 1999; Carballo-Cárdenas et al. 2003; Ismaiel et al. 2016) . Although there are already some species that has been produced commercially and studied for their potential as feed supplements, such as Spirulina and Haematococcus pluvialis, there is still need to search for the next best microalgae species. Many studies on microalgae as food additives in aquatic farmed animals focused on survival, growth, nutrition and pigmentation of the species (Ju et al., 2011 (Ju et al., , 2012 Macias-Sancho et al. 2014; Li et al. 2014) . However, no studies have been reported on the efficacy of Tetraselmis sp. on the oxidative stress in L. vannamei postlarvae. The aim of the present study was to evaluate the effects of T. chuii supplementation on growth, survival and oxidative stress status in L. vannamei postlarvae. This study highlighted the potential of these microalgae when utilized as a natural source of exogenous antioxidant and their ability to enhance the shrimp defenses against oxidative stress and damage.
Materials and methods

Culture of microalgae
Tetraselmis chuii were obtained from the laboratory of the Institute of Tropical Aquaculture, Universiti Malaysia Terengganu. The pure T. chuii was cultured and maintained at 25°C, 30 ppt salinity using Conway medium (Tompkins et al. 1995) and 24 h photoperiod. Conway medium was prepared by adding macronutrient (1 mL), trace metals (0.5 mL) and vitamins (0.1 mL) stock solution to 1 L of filtered and sterilized seawater (Tompkins et al. 1995) . Subculturing of microalgal stock culture was done once in two weeks to maintain the health and purity of the stock. The stock culture was used for the culture experiments.
Tetraselmis chuii was cultured in 25 L closed cylinder photobioreactors under laboratory conditions using Conway medium according to Khatoon et al., (2014) . The initial cell density for each culture was at 1 9 10 5 cells mL -1 . Cultures were maintained under a light intensity of 50 lmol -2 s -1 at 25°C and 24 h continuous light using white fluorescent light. Aeration was provided continuously throughout the culture. Once the culture reached their stationary phase (on day 8), the cells were harvested by centrifugation at 8000 rpm for 10 min using a tubular continuous centrifuge J-025 (Hanil Science Industrial Co.LTD). Samples were then freeze dried using Labconco Freezone 4.5 and kept at -20°C until further use.
Feed formulation for L. vannamei postlarvae
The freeze-dried microalgal T. chuii was ground using a stand mixer (KitchenAid Ò Professional 600 Series, Michigan, USA). Then, formulated feed was prepared by incorporating commercial feed with microalgal T. chuii at 25% w/w, 50% w/w, 75% w/w and 100% w/w. A commercial feed commonly used for the production of L. vannamei at this rearing phase was used as the control diet. The formulated feed was then milled to 300 mm. The formulated feeds were then kept at -20°C until further use.
Determination of antioxidant properties
Preparation of samples extracts
The formulated feed (with different percentages of dried microalgal T. chuii) was used in this experiment. Sample extracts were prepared by adding 12.5 mL distilled water to 0.1 g of dried formulated feed before it was incubated in 100°C water bath for an hour (Gyamfi et al. 1999 ). Then, it was centrifuged for 10 min at 10,000 rpm using a high-speed refrigerated centrifuge (Hitachi CR22N, Japan). The supernatant was stored at 4°C and used as the extract.
Antioxidant activity
Antioxidant activity was determined following the method of Yang et al. (2000) . Linoleic acid emulsion (10 mM, pH 6.5) was prepared by dissolving 0.28 g linoleic acid (Sigma-Aldrich) and 0.28 g Tween 20 (Sigma-Aldrich) in 50 mL, sodium phosphate buffer (0.2 M, pH 6.5). Then, sample extract was added to 2 mL linoleic acid emulsion before it was incubated in the dark for 15 h at 37°C to accelerate oxidation. Then, 6 mL of 60% methanol (HmbG Chemicals) was added before the absorbance was taken at 234 nm using a spectrophotometer (Shimadzu UV-1601, Japan) before and after oxidation.
Scavenging effect on diphenyl-1-picrylhydrazyl radical
Scavenging action of diphenyl-1-picrylhydrazyl (DPPH) radical was analyzed according to Shimada et al. (1992) . One mL sample extract was added to 0.25 mL of DPPH radicals (0.2 mM) (Sigma-Aldrich) in methanol (HmbG Chemicals) before it was incubated for 30 min at room temperature. The absorbance was then taken at 517 nm using a spectrophotometer (Shimadzu UV-1601, Japan) to measure the reduction of the DPPH free radical. One mL Trolox (Sigma-Aldrich), Ascorbic acid (Sigma-Aldrich) and BHT (SigmaAldrich) were also used at 20 mM as positive controls. The scavenging effect on DPPH radical (%) was calculated with the following equation: Scavenging effectð%Þ ¼
Â 100, where A was the absorbance of the negative control (DPPH solution only), and A 1 was the absorbance of the test sample.
Scavenging effect on superoxide radical
Superoxide anion was determined according to Robak and Gryglewski (1988) by adding 0.5 mL NADH (78 lM), 0.5 mL NBT (50 mM), 0.5 mL phenazine methosulfate (10 lM) and 1.0 mL of sample extract to 0.5 mL Tris-HCl buffer (16 mM, pH 8.0). The absorbance was then measured at 560 nm using a spectrophotometer (Shimadzu UV 1601). 20 mM Ascorbic acid, Trolox, and BHT were used as the positive controls.
The inhibition ratio (%) was calculated with the following equation:
Scavenging effect ð%Þ ¼
Â 100, where A was the absorbance of the control, and A 1 was the absorbance of the test sample. All chemicals used in this analysis were obtained from Sigma-Aldrich.
Ferric reducing antioxidant potential assay
The ferric reducing antioxidant potential (FRAP) assay was carried out following the method of Hajimahmoodi et al. (2010) . Firstly, FRAP reagent was prepared prior to use by mixing 5 mL of a TPTZ solution (2,4,6-tripyridyl-S-triazine) (Sigma-Aldrich) (10 mM L -1 ) in HCl (40 mM L -1 ) with 5 mL of FeCl 3 (20 mM L -1 ) (Sigma-Aldrich) and 50 mL of acetate buffer (0.3 M, pH 3.6) before it was warmed to 37°C. Then, a 100 lL sample extract was added to 3 mL of FRAP. The mixture was then incubated at 37°C for 10 min, and the absorbance was taken at 593 nm. The results were expressed as micromole of Trolox equivalent.
Proximate analysis of the formulated diet
Protein analysis
Protein analysis was carried out according to Lowry et al. (1951) . Each formulated feed (5-6 mg) was dissolved in 25 mL distilled water and 0.5 mL was taken from each diluted sample for protein analysis. Mixed reagent was prepared by adding 1 mL of Reactive 1 (1% Potassium sodium tartrate) to 50 mL of Reactive 2 (2 g of Sodium carbonate) in 100 mL of 0.1 M NaOH. Then, 0.5 mL of sample was added to 0.5 mL of 1 M Sodium hydroxide and it was incubated for 5 min in 100°C water bath. After 10 min of cooling in water bath, 2.5 mL of the mixed reagent and 0.5 mL of Folin reagent were added to the mixed solution and were kept in the dark places for 30 min. The absorbance was measured using UV-1601 spectrophotometer (Shimadzu) at 750 nm.
Lipid analysis
Lipid analysis was conducted according to Marsh and Weinstein (1966) . The carbonization was carried out using tripalmitin as the standard after lipid extraction was performed following Bligh and Dyer (1959) . Sample extraction was carried out by adding 4.5 mL of chloroform: methanol (1:2) to the sample before it was centrifuged at 10,000 rpm for 10 min. The supernatant was separated and kept in a clean tube. The biomass was again extracted by centrifuging after adding 1.5 mL of chloroform and 1.5 mL of distilled water. Both supernatants were combined and evaporated with a water bath at 35°C under vacuum after the polar phase was removed. Two mL of concentrated sulfuric acid was added after it completely dries and the mixture solution was then cooled down to 0°C immediately. The absorbance was then taken at 375 nm after 3.0 mL of distilled water was added to the mixture.
Carbohydrate analysis
The sample solution was prepared by adding 5-6 mg of sample into 25 mL of distilled water (Dubois et al. 1956 ). Then, 1.0 mL of phenolic solution (5%) and 5.0 mL of sulfuric acid were added to the sample solution before the absorbance was taken at 488 nm, spectrophotometrically (Shimadzu UV-1601, Japan).
Experimental setup
The experiment was conducted at the Institute of Tropical Aquaculture, Universiti Malaysia Terengganu, Malaysia. Five treatments consist of 100% commercial feed (CF) as control; commercial feed with 25% T. chuii supplement (T25); commercial with 50% T. chuii supplement (T50); commercial feed with 75% T. chuii supplement (T75) and 100% T. chuii (T100). Fifteen 30 L rectangular aquaria filled with 20 L of filtered, dechlorinated seawater at 30 ppt salinity was prepared.
The L. vannamei PL stage five (PL5) with average initial weight of 0.45 mg was obtained from a commercial hatchery and stocked at a density of 50 PL L -1 . Constant aeration was provided to each aquarium and the hatchery tanks were maintained under a 12 h light: 12 h dark cycle. The shrimps were fed four times a day at 6 h intervals with the formulated diet and Artemia (Golden Dolphin, Malaysia). The shrimps were fed with artemia, ad libitum (Gamboa-Delgado and Le Vay 2009). All treatments were done in triplicates and were carried out for 12 days. Fecal matter and the remainder of the uneaten food were siphoned out daily at less than 10% of the culture volume to maintain water quality. On the final day of the culture, surviving PLs from every treatment tank were counted and weighed to estimate mean survival for each of the treatments and the control groups. The shrimp PL tissue samples were collected and kept at -80°C for the oxidative stress biomarker analysis.
Physical and chemical analysis
Temperature, pH, salinity and dissolved oxygen in the culture tanks were measured daily using a portable multi-parameter probe (YSI 556 MPS, USA). Meanwhile, total ammonia nitrogen (TAN), nitrite nitrogen (NO 2 -N) and phosphate phosphorous (PO 4 -P) were determined every other day (Parsons et al. 1984) .
Biological analyses
The specific growth rate (SGR) of PL was calculated from the body weight based on Ricker's model (1990) :
, where wf is the weight at time (t) and wi is the initial weight of PL. At the end of the feeding experiment, the survival of PL for each treatment was calculated and reverse salinity stress test was conducted. The reverse salinity stress test is commonly practiced by commercial hatcheries to distinguish between healthy and weak PL (Khatoon et al. 2007 ). The stress test was carried out by transferring the shrimp PL from the culture tanks with 30 ppt salinity to freshwater (0 ppt) and the shrimp PL survival was recorded after 2 h.
Oxidative stress biomarker analysis
Hydrogen peroxide assay Level of hydrogen peroxide (H 2 O 2 ) was measured in the shrimp tissue collected on the final day of culture (Velikova et al. 2000) . The fresh shrimp tissue sample (0.15 g) was homogenized at 0-4°C in 1.0 mL of 0.1% trichloroacetic acid (TCA) (Sigma-Aldrich) before it was centrifuged for 10 min at 10,000 rpm. Then, 0.5 mL of supernatant was mixed with 0.5 mL of potassium phosphate buffer (10 mM, pH 7.0). One mL potassium iodide was added to the mixture before it was incubated under dim light for 10 min. The absorbance was measured at 390 nm, using UV1601 spectrophotometer (Shimadzu).
Lipid peroxidation assay
Lipid peroxidation level was determined following the method of Heath and Packer, (1968) . Fresh shrimp sample (0.15 g) was homogenized at 0-4°C in the presence of 1.0 mL of 0.1% TCA solution before it was centrifuged at 10,000 rpm for 5 min. Then, 2.25 mL TBA reagent was added to 0.75 mL of the supernatant. The TBA reagent was prepared by dissolving 0.5 g TBA (Sigma-Aldrich) in 100 mL of 20% TCA. The mixture was then placed in 95°C water bath for 30 min and quickly cooled in ice bath for 15 min. Then, it was then centrifuged at 10,000 rpm for 10 min before the absorbance was measured at 532 nm and 600 nm. The level of lipid peroxidation [Malondialdehyde (MDA) equivalent] was then calculated as follows:
A 532 ÀA 600 15;5000 Â 10 6 , where A 532 is absorbance at 532 nm and A 600 is absorbance at 600 nm. The results were expressed as nanomole MDA/g fresh weight of tissue sample.
Membrane stability assay
The membrane stability index was measured as the relative percentage of total electrolyte leakage (Rady 2011) . A total of 0.2 g shrimp tissue was washed with double distilled water and placed in a test tube containing 10 mL of double distilled water and incubated at 40°C for 30 min, after which the first reading of conductivity was registered (C1). The sample was then boiled for 10 min at 100°C and cooled at room temperature before conductivity readings were taken (C2) using EUTECH INSTRUMENT PC700 pH/mV/Conductivity/°C/°F meter. Â 100, where C 1 is conductivity before boiling and C 2 is conductivity after boiling.
Statistical analysis
The collected data from antioxidant chemical assays, proximate analysis, survival, growth and oxidative stress biomarkers assay were analyzed using one-way analysis of variance (ANOVA) and the significant differences among treatments were determined using Tukey test at 95% confidence interval level. All statistical analysis was carried out using the SPSS (Statistical Package for the Social Sciences) software.
Results and discussion
Antioxidant activity of the formulated diet
The antioxidant activity in all treatments is dependent on the concentration of Tetraselmis chuii in the diets (Table 1 ). T100 and T75 showed the highest antioxidant activity, scavenging effect on free radicals and FRAP compared to control (CF) and other treatments (PB 0.05). In addition, there were no significant differences (P B 0.05) between the antioxidant activity of T100 (81.0 ± 0.0%) with BHT (80.4 ± 1.2%), Trolox (91.1 ± 0.7%) and Ascorbic acid (85.2 ± 0.3%). The addition of 25% T. chuii (T25) (51.0 ± 0.0%) to commercial feed led to the increase of the antioxidant activity by 2.4 fold when compared to the feed without any T. chuii addition (21.4 ± 3.1%). A similar trend was also found regarding the scavenging effect on superoxide radical, DPPH radical and FRAP. The increase in the percentage of T. chuii into the feed led to the increase in the antioxidant properties of the feed. The addition of microalgae has been shown to increase the antioxidant compounds such as astaxanthin and lutein in the aquaculture feed (Li et al. 2015; Nonwachai et al. 2010 ). Due to the carcinogenic and tumorigenic nature of BHT, the potential of T. chuii as a natural source of antioxidants is very promising and can be considered as a substitute to replace the harmful synthetic substances. (Table 2) . For the formulated diet, the highest protein and lipid content was found in T50 with a total of 57.30 ± 1.30 and 13.98 ± 0.67%, respectively. Meanwhile, the highest carbohydrate content was shown by T100 and T75 which contained 20.83 ± 0.65 and 21.48 ± 0.73%, respectively. The protein content (53-57%) of the treatment feed CF, T25 and T50 in this study is well within the range recommended for growth and survival of shrimp postlarvae which should be greater than 44% (Biedenbach et al. 1989 ). The total lipid content and carbohydrate content of the formulated diet with T. chuii were also within the ranges recommended for shrimp. According to Bautista (1986) , a protein content between 40 and 50%, with 20% carbohydrate and 5-10% lipid, provided the best growth and survival to the shrimp, Penaeus monodon. Thus, the addition of T. chuii to the feed for growing shrimp PL could provide adequate amounts of nutrients needed, and be a good source of the antioxidant.
Effect of T. chuii as feed additives on physical and chemical parameter of water from culture tank
In shrimp hatchery, increased TAN and NO 2 -N level with culture time are important factors that affect the survival, health and growth performance of shrimp postlarvae (Chin and Chen 1987) . In this study, the inclusion of T. chuii into the feed leads to the improvement and maintenance of good water quality throughout the PL culture. Significantly lower TAN (Fig. 1a) , NO 2 -N (Fig. 1b) and PO 4 -P (Fig. 1c) were found in water samples from the tank of PL supplemented with T. chuii compared to control during the final day of culture. This result was in accordance with Guedes and Malcata (2012) , who showed that microalgae could stabilize and improve the water quality of culture. Although freeze-dried microalgae were used in this study, there are still some viable microalgal cells present even if it is at a very low level (Day 2007) . Thus, there is a possibility of microalgal cells from leftover feed to start growing again in the tank. Throughout the shrimp culture period, a slow increase in green water concentration in the tank was observed. It was contributed by the increase in microalgae concentration which absorbs the nutrients available, especially in tank T50, T75 and T100. According to Chen et al. (2012) , T. chuii showed the highest TAN uptake which led to lower nutrient toward the end of culture compared to the other microalgae species studied. Thus, minimal or no water exchange can be considered on PL fed with T. chuii inclusion which is beneficial due to the cost and labor usually needed for frequent water exchange in aquaculture to maintain a good water quality (Thompson et al. 2002) . Meanwhile, there was no significant difference in the physical parameters (temperature, salinity, light and pH) of the water for all treatments during the whole experimental period (Table 3) .
Growth, survival and oxidative stress biomarkers of shrimp PL supplemented with high antioxidant T. chuii Antioxidant in microalgae is mainly contributed by its bioactive compounds such as carotenoid, amino acids, polyunsaturated fatty acids and others. Even though the nutritional and antioxidant composition of feed will be high with higher concentration of microalgae, there is only a certain level of microalgae inclusion that can be tolerated by shrimp. This is because, increasing microalgae level led to the increase in fiber content, as well as lowering the digestibility and palatability of the feed (Sudaryono et al. 1996) . In the feeding trials with the L. vannamei postlarvae, the inclusion of T. chuii into the diet has shown a significantly higher survival compared to PL fed with commercial feed (control) after 12 days of culture period (Fig. 2) . In Malaysia, the survival rate of PL at commercial hatchery is usually between 40 and 70%, depending on the system used. In this study, the highest (P B 0.05) survival of shrimp was achieved in tanks of PL fed with T50 (97.6 ± 1.4%) and followed by T75 (85.6 ± 3.5%). Meanwhile, along with a lower survival rate, PL fed with CF and T25 also showed a lethargic movement and was less active than PL fed with T50, T75 and T100. In terms of SGR, no significant (Table 4) . The performance and health of the aquatic organism are directly related to the excessive production of ROS and protection of the cell membrane by antioxidant against the production of free radical (Mourente et al. 2002) . In this study, the higher survival of PL supplemented with T. chuii can be linked to the hydrogen peroxide content (H 2 O 2 ), lipid peroxidation and electrolyte leakage which act as the biomarkers of the oxidative stress in the shrimp tissue. Postlarvae fed with the addition of T. chuii in their diet showed lower H 2 O 2 compared to CF (Fig. 3a) . The H 2 O 2 content in PL fed with T75 (10.22 ± 0.3 mM g -1 FW) and T50 (10.08 ± 0.4 mM g -1 FW) significantly decreased compared to CF, T25, and T100. This suggests that the inclusion of T. chuii into the PL diet up to 75% T. chuii presented a protective effect against oxidative stress in the shrimp under both stressful situations and also during development to protect the cell. This result is in accordance with Amar et al. (2004) , who reported that the antioxidant defense in an aquatic organism depends on the nutritional factors. High supplementation of dietary antioxidant caused a reduced need for the endogenous antioxidant enzyme (such as catalase and superoxide dismutase) in scavenging hydrogen peroxide (H 2 O 2 ) and superoxide radical (Lygren et al. 1999) . In accordance with the study by Sheikhzadeh et al. (2012) and Da Silva et al. (2015) , supplementation of the high astaxanthin H. pluvialis into feed also leads to better performance with increased antioxidant activity in juvenile L. vannamei.
The degree of cell membrane injury induced by oxidative stress was measured as the relative percentage of total electrolyte leakage from the cells (Fig. 3b) . In the present study, the lowest electrolyte leakage was found in PL fed with T50 (10.8 ± 0.3%) which was significantly lower (PB 0.05) than CF, T25, and T100. There were no significant differences (P [ 0.05) in the electrolyte leakage between PL fed with T50 (10.8 ± 0.3%) and T75 (12.7 ± 1.0%). It was found that with the inclusion of T. chuii to the PL diet, the electrolyte leakage decreased compared to control. However, the addition of T. chuii of more than 75% led to the increase in the electrolyte leakage of the PL. In cells, stress-induced electrolyte leakage is caused by the accumulation of ROS such as H 2 O 2 and often results in decreased membrane permeability and programmed cell death (Neill et al. 2002; Demidchik et al. 2014) . Both animal and plant showed similar mechanism with the ROS-activated K ? permeable cation channel in the cell membrane, which is a major parameter in regulating the programmed cell death (Demidchik et al. 2014 ). The addition of T. chuii is capable of protecting the cells from cell damage and death by neutralizing the ROS into safer intermediates before it can cause further damages to the cell. Lipid peroxidation was measured by determination of malondialdehyde (MDA) as an end product of lipid peroxidation. In this study, the lipid peroxidation in the PL did not differ significantly (P [ 0.05) between all treatments (Fig. 3c) . According to Tirmenstein and Reed (1988) , during exposure to stress, lipid peroxidation can cause subcellular organelles and biomembrane damage. Although no significant difference was observed in the lipid peroxidation among all treatment, based on the H 2 O 2 , electrolyte leakage and the survival of the PL, the results suggest that without the enrichment of the diet with the high antioxidant T. chuii, the PL seem to be more highly susceptible to oxidative stress, which led to cell damage and death. The lower survival of CF and T25 treatment (Fig. 2) is probably due to the high rate of cell damage and death that occurred throughout the culture period. Survived PL in the CF tank may have adapted or had more intact cell membranes by the end of culture period, leading to lower lipid peroxidation in the PL. Ruff et al. (2001) also reported no significant difference in the lipid peroxidation of PL supplemented with dietary tocopherol and ascorbic acid to the lipid peroxidation. Thus, the present study showed that the inclusion of T. chuii led to better protection against oxidative stress and oxidative damages by improving the cells scavenging effect on ROS, which resulted in higher survival with low H 2 O 2 content and electrolyte leakage compared to CF. Postlarvae fed with T. chuii also showed a higher resistance against exposure to salinity stress (Fig. 4) . In aquatic organisms, changes in salinity may cause a variety of physiological stress, energy metabolism, electrolyte equilibrium and enhanced ROS generation which leads to oxidative damage (Choi et al. 2008) . After 2 h of exposure to freshwater, PL fed a diet enriched with T. chuii showed a significantly higher survival against salinity stress compared to the control. Interestingly, 100% survival was exhibited by PL fed with 50% T. chuii (T50) and followed by T75. In fact, all PL fed with T50 were still alive and active even after 4 h of exposure to freshwater. No survival was observed after 4 h of exposure in PL fed with CF and T25.
The present study showed that the addition of T. chuii with high antioxidant properties into the PL diet at 50-75% is very beneficial and it enhances the PL defense against excessive oxygen radicals during normal physiological conditions and upon exposure to stress. This is because, under reduced salinity, there is a potential for excessive production of oxygen radicals in shrimp to maintain osmotic stability. The present study showed that the supplementation of T. chuii with high antioxidant properties could increase the defense of the PL against oxidative stress and damage, thereby leading to a higher survival rate and a higher tolerance against stress. In addition, supplementation with T. chuii also provides adequate nutrient to the PL and improvement in water quality throughout the culture period.
Conclusions
The present study demonstrated that supplementation with 50% T. chuii which have high antioxidant properties could improve the survival of the shrimp PL as well as maintain the water quality. In addition, it also enhances the shrimp defense against oxidative stress and damages by improving the cells scavenging effect on ROS, which led to a higher PL survival, with a lower H 2 O 2 content, electrolyte leakage and higher tolerance against stress. Therefore, the present findings indicate the potential application of this microalgal species as a valuable natural antioxidant source that can be utilized for L. vannamei postlarvae. 
